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Abstract 
Wind by its very nature is a variable element. Its variation is different on different timescales and 
spatially its magnitude can change dramatically depending on local climatology and terrain. This has 
implications in a variety of sectors, not least the wind energy sector. The accuracy of weather 
forecasting models has increased significantly in the last few decades and these models are able to 
give an insight into variability on the hourly and daily timescales. On shorter timescales, predicting 
chaotic turbulent fluctuations is far more challenging. Similarly, the ability to make seasonal 
forecasts is extremely limited. General Circulation Models (GCMs) can give insights into possible 
future decadal fluctuations but there are still large uncertainties. Observational data can give useful 
information concerning variation on a variety of timescales but data quality and spatial coverage can 
be variable. An understanding of local scale spatial variations in wind is extremely important in wind 
farm siting. In the last 40 years, there have been significant advances in predicting these variations 
using computer models, though there remain significant challenges in understanding the behaviour 
of the wind in certain environments. Both the spatial and temporal variations of wind are important 
considerations when wind power is integrated into electricity networks and this will become an ever 
more important consideration as wind generation makes an increasing contribution to our global 
energy needs. 
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The Importance of Wind Variability 
Understanding how wind varies on both the temporal and spatial scales is important in many 
branches of the physical sciences and in engineering. Wind power is still a rapidly growing source of 
electricity generation despite global economic uncertainties1  and understanding how it varies on 
these scales is extremely important for the energy industry. The advent of ever more powerful 
computers has allowed predictions of wind speeds in areas where measurements are sparse and has 
also provided an opportunity to try and predict future trends.  
On a temporal scale, understanding the variation of wind speeds is important for:  
 turbine design and siting on the very shortest timescales: ~1s; 
 operation of a power network on intermediate timescales : ~1h to a few days; 
 energy yield on longer timescales : ~months to years. 
An overview will be given of our present understanding of these latter two using a variety of data 
sources and analysis methods. 
Understanding the distribution of wind speeds at a site is important in terms of estimating the 
capacity factor and energy yield of a wind turbine and a review of this will be given to show how well 
the commonly used theoretical distributions fit observations. Longer term temporal and spatial 
variability will be addressed looking at research using observed surface data, proxy data such as 
pressure fields and model data. Looking to the future, an overview of climate change related 
predictions of wind speeds will be given for different regions. 
Finally, an overview will be given of the research to address the impact of wind variability on wind 
power generation. This will consider how geographical dispersion and wide area interconnection 
could help reduce overall variability and help the long term integration of wind energy into power 
systems. 
An Overview of Different Scales of Variability 
Much of our understanding of the temporal variability of wind stems from work done by Van der 
Hoven2 , despite shortcomings in the collection and analysis of the data underpinning this work. 
Figure 1 shows the power spectral density determined from wind speed data collected at the 
Brookhaven National Laboratory in the USA which was the basis of Van der Hoven’s work and which 
has been widely referenced since. It can be seen that the spectrum apparently show three obvious 
peaks: one at around four days corresponding to the passage of weather systems; one at 12 hours 
reflecting a harmonic of the diurnal cycle; and one around one minute corresponding to turbulence. 
The reason for the lack of a 24 hour peak is unclear and was put down to the measurements being 
made at around 100m, though this does not explain why there was a 12 hour peak. Between the 12 
hour peak and the turbulence peak, the magnitude of the spectrum drops to almost zero and this 
has become known as the ‘mesoscale’ or ‘spectral gap’ and is often used as a justification for 
averaging wind speeds, for the purposes of climatological assessment, over 10 minute or one hour 
intervals. However, the spectrum was derived from data collected from more than one height over 
different periods and in particular, the turbulent peak was determined purposely from data 
collected over a day when a hurricane passed over the site. This was presumably to highlight the 
turbulence peak as shown in Figure 1. Figure 2 shows a similar power spectral derived for one-
minute and five-second data collected from the Rutherford Appleton Laboratory (STFC-RAL) site over 
a number of years (Barton; private commincation). In contrast to the Van der Hoven spectrum, the 
turbulence peak is far less marked and though there is evidence for a spectral gap there is still 
significant power in the spectrum at around one hour. There has since been much debate since 
about the existence or otherwise of a spectral gap3-5 which, at the very least, suggests that it may 
well be site dependent. A strong diurnal cycle of wind speeds can be seen with a definite harmonic 
at 12 hours and evidence of a higher order harmonics at six hours (due to an imperfect sinusoidal 
variation in daily wind speeds). There is a broad peak centred around four days though this would 
seem to be broader than in the case of the Van der Hoven spectrum. An annual cycle is obvious and 
there is evidence for some power in the spectrum at even longer timescales. Indeed, the longer term 
variability of wind speeds has been the subject of interest in recent years, particularly within the 
wind energy industry as developers and operators of wind farms try to determine expected long 
term energy yields, something which is of paramount importance for the financing of a particular 
installation. The evidence of variance at longer time scales is discussed below. It may be that 
variance on timescales longer than 50 years exists, but the data to infer this are scarce. The best that 
can be said is that variance can be expected at all scales and that this leads to a degree of 
uncertainty in estimation of mean and turbulent quantities. 
A number of authors have commented on the lack of stationarity in wind speeds at various 
timescales5-7, and this presents a particular challenge when attempting to parameterise quantities 
such as mean wind speeds, turbulent time and length scales, etc. Figure 1 and Figure 2 lend support 
to this hypothesis where it is seen that there is variance over a large range of timescales. What these 
figures cannot show is the degree of non-linear interaction between the different scales of variation 
which surely exist. The separation of different scales of variability represents a significant challenge 
in many areas of wind engineering. 
 
Figure 1: The Van der Hoven spectrum of wind speeds at Brookhaven National Laboratory, USA. 
 
 Figure 2: Power spectrum density of wind speeds based on data collected at STFC-RAL, UK. 
 
Wind Speed Distributions 
The distribution of wind speeds at a site is important in terms of the expected capacity factor of a 
wind turbine. Commonly used is the so-called Weibull distribution8, where the two-parameter form 
of the probability density function   is given by: 
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when observing a wind speed   with Weibull scale,   and shape,   parameters. This has been shown 
to fit well at many sites9, 10 and can be used to provide an accurate estimate of wind energy 
production11. However, discrepancies have been noted, e.g. in the US where this distribution fits 
wind speeds well during the day, but at night, wind speeds are observed to be more positively 
skewed12, 13. From scatterometer data, offshore wind speeds have been shown to be almost Weibull 
distributed, but the skewness of the observed distribution was found to be more strongly negative in 
the Tropics, and more strongly positive in northern hemisphere mid-latitudes, than would be 
expected for a true Weibull distribution14. This behaviour was found to be consistent for all 
seasons15. Scatterometer data from extra-tropical latitudes were seen to not follow a Weibull 
distribution though this was partly attributed to data cut-off below 2m/s16. Scatterometer data off 
the coast of Japan were compared with buoy data showing good agreement with these data and 
were well-fitted by a Weibull distribution17. A study of scatterometer-derived wind speeds in the 
North and Baltic Seas18, showed a relatively small bias in mean wind speed compared with 
observations, though problems in the interpretation and processing of scatterometer data are 
acknowledged due to the effects of rain, atmospheric stability, varying sea surface temperature, 
oceanic currents and proximity to land. On the other hand, wind speed data from sites in the North 
Sea measured on platforms have been shown to be well fitted by a Weibull distribution19. 
Where wind speed distributions are bi-modal, or where a large number of calms or low wind speeds 
are observed20, a single Weibull distribution may not be appropriate21, though poor quality 
anemometry at low speeds may be partly responsible22. In such cases, a combination of two Weibull 
distributions has been found to provide a better fit21-24. An example of three different functions 
fitted to an observed distribution of wind speeds is shown in Figure 325. It can be seen that the 
combination of the two Weibull probability density functions is able to capture the bi-modal nature 
of this wind speed distribution with the Singly Truncated from below Normal Weibull (TNW) 
probability density function better capturing the large number of calms. 
 
Figure 3: Histogram of observed wind speeds with three theoretical distributions fitted. W=Weibull; WW=bi-
modal Weibull; TNW=Singly Truncated from below Normal Weibull. Reprinted from Ref. 25 with permission 
from Elsevier. 
 
Long Term Trends 
A View from Observations 
The most obvious way to assess long term variability of wind speeds is to examine historic long term 
records of observed surface station observations. A map summarising the results of 148 studies26 is 
shown in Figure 4. What is striking is the overall trend of reducing wind speeds. When the authors 
averaged all studies, this led to an average global change in wind speeds of -0.014 m/s per year. In a 
similar study27, a trend of declining world-wide wind speeds was seen, though it was noted that the 
statistical relevance of some the trends was hard to assess. Another study of global long term wind 
speeds suggested that over the Northern hemisphere, wind speeds have declined -0.011 m/s per 
year over a period of 30 years28 . There may be a number of reasons for this, but another significant 
observation, also noted in Ref 5, is an apparent trend to increasing wind speeds at exposed coastal 
sites. This leads to a possible explanation of increasing surface roughness on land due to vegetation 
cover or due to urbanisation.  
No data are shown for the UK, but two recent studies have been made of wind speeds in this region. 
Based on ~50 years of data29, it was observed that winds over the UK as a whole did not seem to 
show a significant change once historic changes to measurement height were taken into 
consideration, however, there was a tentative tendency to reducing wind speeds in the north-west 
of the UK and increasing in the south-east. Over the central belt of Scotland, there was evidence for 
reducing wind speeds over a ~40 year period30. 
It is clear from the above studies that it is difficult to distinguish wind speed changes which are 
climatologically driven from those resulting from other site specific factors. The use of surface wind 
speed observations is problematic where the quality of the data is unknown, with regard to such 
factors as anemometer type and calibration, siting, exposure, measurement height, etc. It is also 
difficult to draw definitive conclusions from datasets covering different time periods and where 
observations are sparse.  
Some researchers have turned to the use of pressure measurements to try and overcome this 
problem31-33. For example, pressure triangles based on site measurements of atmospheric pressure 
were used to infer a pressure gradient and thus the geostrophic wind33 for the period 1984-2007 for 
the north-eastern Atlantic region. In a similar, much earlier study34, a gridded dataset of pressure 
measurements was used to derive pressure gradients and a set of linear regression equations 
developed to predict long term monthly wind speed records at a number of UK sites for the period 
1881-1989. The North-Atlantic Oscillation (NAO) index has long been known to correlate to observed 
wind speeds in northern Europe, particularly during the winter. This index is traditionally based on 
the pressure difference between a site in Iceland and the Azores. Using this index, it has been 
shown35 that there is up to a 10% difference in wind power predicted output between high and low 
NAO states, implying a significant degree of inter-annual variability. 
Several proxies for surface wind speed have been studied including the NAO, the Grosswetterlagen 
and Jenkinson Lamb indices36, the latter two being popular weather system classification schemes. 
These showed a reasonable degree of agreement (R2 =0.49) and suggested a downward trend in 
windiness across north-western Europe in the fifteen year period 1990-2005 though there was an 
upward ‘blip’ during the 1990s. It could also be seen that over the longer term (1965-2005) this 
downward trend was not apparent. The conclusion from this work was that care should be taken 
when choosing an appropriate historic period to assess the expected long term wind speed climate 
at a prospective wind farm site. 
 Figure 4: Trends in observed surface wind speeds (in m/s per annum). Reprinted from Ref.26 with 
permission from Elsevier. 
 
A View from Model Data 
More recently, researchers have turned to numerical models to produce more consistent datasets in 
order to analyse long term geographical trends in wind speeds. One particular form of numerical 
model output that has been used for this purpose is referred to as reanalysis. Reanalysis datasets are 
produced by assimilating a large number of different meteorological datasets including: satellite 
measurements, ship-borne and buoy observations, land-based surface observations, upper air 
measurements and remote sensing observations. The data are input to a Global Circulation Model 
(GCM) which is essentially a numerical weather prediction model which can be used to produce 
‘hindcast’ values of a range of meteorological variables on a regular grid at discrete time intervals. 
Such output data are effectively homogenised and avoid some of the problems associated with local 
effects which are seen at specific surface stations. For that reason, reanalysis data are suitable for 
constructing long term regional climatologies. Two notable examples include the NCEP/NCAR37 and 
the ERA-4038 reanalysis datasets. These and other similar datasets have been used to study long 
term wind speed trends in several parts of the world. 
Europe 
An analysis of 850mb winds from NCEP/NCAR reanalysis data39 suggests a general increase in wind 
speeds over the Baltic region with the majority of the increase during the winter.  Over higher 
altitudes in Switzerland there is evidence for reducing wind speeds with the decline observed to be 
more rapid than at lower altitudes40. A note of caution is sounded in using reanalysis datasets to 
infer wind speed statistics at sites. It has been seen that when comparing reanalysis wind speed 
distributions with observations in Hungary41 that there are differences in the shape of these 
distributions and care needs to be taken when rescaling 10m values to typical wind turbine hub 
height. 
 
USA 
The Modern-Era Retrospective Analysis for Research and Applications (MERRA) reanalysis dataset42 
was studied to consider spatial variation in wind speed and potential wind power trends across the 
USA43. The wind power density (WPD) and variability or Robust Coefficient of Variation (RCoV) were 
determined showing large variation across the country. The RCoV is defined as: 
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The RCoV gives a better measure of variability when a distribution is non-gaussian distributed. Figure 
5 shows the geographical variation in RCoV across the USA including off the east and west coasts. 
There are clear differences in trends between the eastern and western sides of the USA as well as in 
the offshore regions which will have implications for wind energy variability. 
A comparison was made between wind speed trends from two observational datasets, four 
reanalysis datasets and two regional climate models (RCMs) in the USA44. This showed conflicting 
results with the observed data indicating a significant long-term decline in wind speed over time. 
The model data results differ with one reanalysis dataset and one of the RCMs indicating a decline, 
but the other models showing an increase.  
The North American Regional Climate Change Assessment Program (NARCCAP) uses a combination 
of a GCM and an RCM to produce high resolution datasets on a regular grid45. This was used to study 
trends in wind speeds over the western High Plains for the period 1971-200046. A significant decline 
in wind speeds was seen in all seasons (up to 20%) with exception of the autumn (fall) season where 
an increase of up to 10% was seen. This study extrapolated wind speeds from 10m to 80m above the 
ground using the 1/7 power law.  In another study, the North American Regional Reanalysis Dataset 
(NARR)47 was used to estimate 80m wind speeds by interpolating between the closest model 
levels48.  By contrast, this study found increasing wind speeds for the period 1979-2009. This was put 
down to the strengthening of low level jets which are not as apparent at lower altitudes. The 
findings of this study were consistent with those of an earlier study looking at changes in wind 
speeds over the Great Lakes region of the USA49. 
 Figure 5: Robust Coefficient of Variability (RCoV) across the USA. Reprinted from Ref. 43 under the Creative 
Commons Attribution 3.0 License. 
 
Future Trends 
Atmosphere-Ocean General Circulation Models (AOGCMs) can be used to project the climate into 
the future. By including future carbon dioxide emissions in a model run according to various 
emissions scenarios as defined by the Intergovernmental Panel on Climate Change (IPCC)50, changes 
in the world climate can be determined. This has been done using a number of well-known AOGCMs 
such as HadCM3, ECHAM5 and PCM. The IPCC issues periodic Assessment Reports (ARs) including 
details of the results of these models, e.g. Ref. 51. Downscaling of the AOGCM data using RCMs 
allows regional future climatologies to be assessed including wind speeds. The confidence intervals 
for the projections of future global temperature rise are by all standards quite large. In the case of 
wind speed, projected changes are even more uncertain reflecting the difficulties that such models 
have in tracking the precise paths of weather systems and how they might change under future 
climate change scenarios. 
Once again, much of the research in this area has focussed on Europe and the USA, though there has 
been some work in other regions. A recent review has looked at projections for wind speed changes 
globally and their impact on wind energy52. This showed that wind energy density in Europe is 
predicted to increase in the north and decrease in the south-east. It was concluded that little work 
had been done to assess potential changes in inter-annual variability, but that given storm tracks 
were likely to change, it was likely that variability would change also. The review concluded that 
mean changes in annual wind speed and variability across the USA and Europe were unlikely to be 
greater than the present observed inter-annual variability. This work highlights the problems in 
assessing projected changes in wind speeds where any climate change signal is difficult to detect 
within the ‘noise’ of year-to-year variability in mean wind speeds. 
 
Europe 
In a preliminary assessment of changes in wind speeds across the UK by the 2080s53, it was seen 
using data from the UK Climate Impacts Programme that a slight increase of around 0.5% was 
predicted nationally. This result disguised significant trends in seasonal wind speeds and potential 
wind energy production with winter production rising by up to 15% in the south and falling in the 
north, whereas summer production would tend to fall by up to 10% although some areas would 
experience more severe reductions. When using the ECHAM454 and ECHAM555 GCM models to drive 
the RCA3 RCM56, there was evidence for a reduction in wind speeds over central Scotland and an 
increase over Eastern England by the mid-21st century. Over Ireland, a general slight increase was 
projected with the greatest change in the north and least in the south. A greater wind energy density 
was observed in the winter with less in the summer.  
A number of AOGCM predictions have been downscaled to assess likely changes in the wind climate 
over France by the end of the 21st century57, 58. This showed a potential increase in wind resource 
during the winter and decrease during the summer in the north of the country and a year-round 
decrease in the south, though once again, the climate signal was said to be small compared with the 
inter-annual variability. 
USA 
A comparison between the CGCM1 and HadCM2, suggested reductions in wind speeds in the 
windiest mid-west states of between 10-15% for the former model and little change according to the 
latter by the end of the 21st century59. A projection of the climate in several regions of California by 
the mid-21st century using data from NARCCAP showed only slight changes in wind speeds and 
conflicting regional results60. Statistically downscaled scenarios using four GCMs suggested that 
under a warmer climate, the wind power resource in the Northwest USA could decrease by up to 
40% in the spring and summer months61. In winter months, the results were less consistent, with 
most sites indicating less of a reduction in wind power resource. However, a large degree of 
variability was seen between the models making it hard to have significant confidence in the 
predictions. Other work has suggested that different model combinations produce conflicting 
results.  A comparison of several AOGCM/RCM combinations looking at changes in wind speeds by 
205562 suggested that the variation between different combinations was larger than any possible 
climate change signal shown by a single combination. 
Other Parts of the World 
An analysis of the potential wind speed changes in some other parts of the world has projected 
somewhat larger changes. In the case of Brazil, an analysis of HadCM3 projections up to 2100 using 
A2 and B2 scenarios63 showed a >20% increase in wind speeds over much of the country, particularly 
the north central region and the east coast. A potential >20% reduction was projected for the far 
west region of the country. An illustration of these regional changes in wind speed are shown in 
Figure 6.  
Over the Caribbean, a combination of a GCM and a mesoscale model suggested a slight increase in 
wind speeds, with stronger easterlies64. An average increase of 0.11 m/s over the 21st century was 
estimated. 
 Figure 6: Projected changes in wind speed across Brazil by 2091-2100 under the IPCC A2 emissions scenario 
relative to the 1961-1990 baseline. Reprinted from Ref. 63 with permission from Elsevier. 
 
The Impact of Variability on Wind Power 
There has been much research over the last 30 years on the impact that wind power will have on an 
electricity network. By its very nature, wind power is a variable source of generation whose 
availability is heavily dependent on the strength of the wind. When wind power represents a small 
fraction of the overall generation mix in an electricity system, this presents little problem, since the 
existing conventional generation plant has sufficient flexibility to cope with this variability. Indeed, 
all large interconnected power systems have developed to meet a fluctuating and not wholly 
predictable consumer demand. Once wind power starts to generate an appreciable amount of the 
total energy in an electricity network, of the order of 20%65, there starts to be an impact on the way 
that system operates. There are generally three main impacts on the system: 1) there is a 
requirement for extra flexible reserve generation (called spinning reserve) to meet unforeseen 
changes in generation (or demand); 2) flexible power plant will see increased cycling due to the 
impact of greater variability and 3) there will be periods when not all wind generation can be used 
and wind farm output may need to be curtailed. All of these have an adverse economic impact on 
the operation of a power system if not properly managed. The costs associated with this impact 
have been estimated as 1.0-3.9 €/MWh when wind power generates 10% of energy demand to 2.0-
4.6 €/MWh when this increases to 30%66-71. 
Clearly, the spatial and temporal variability of the wind will influence the level of economic impact: if 
wind speeds are relatively constant and predictable the impact will be small; if they are highly 
variable and unpredictable the impact may be large. A number of studies have looked at the impact 
of temporal and spatial variability on the potential economic benefits of large penetrations of wind 
power. 
The rate of change or ramp rate for wind power is important when looking at how quickly reserve 
capacity may need to increase or decrease its output. Data derived from 1500 turbines in Germany 
totalling around 350MW showed that the mean hourly ramp rate was +/- 1% of the installed 
capacity72. The maximum changes observed in one hour were a 23% decrease and a 14% increase. 
Over a four hour period, the maximum changes were found to be larger, at +/- 50%. Similar results 
were obtained from a study of six wind farms in Northern Ireland. Over half-hourly intervals, the 
magnitude of wind power fluctuation was shown to be mostly within the 0–10% range and only 
rarely exceeding 20%. 
Due to the finite size of weather systems, a way to help manage the integration of wind power into a 
network is to ensure that wind farms are geographically spread73. This reduces the correlation in 
output between different wind farms and thus helps to smooth output. Careful planning of site 
selection to favour combinations of sites with a low or negative correlation could be beneficial74. A 
study of wind energy in Greece concluded that aggregation over a wide area improves the capacity 
factor75.  A UK study concluded that by spreading out 2.7GW of wind power over four sites, a 36% 
reduction in variability was possible compared to a single site76. An analysis of 20 sites in Texas, 
USA77 found that significant reductions in variability over a 24h period were achievable by 
aggregating the output of several wind farms with an 87% reduction compared to the variability of a 
single wind plant obtained by interconnecting four wind plants. Interconnecting a further 16 wind 
plants produced only an additional 8% reduction. A large degree of inter-annual variability was 
observed over a 36 year period, though less than for hydroelectric power; this was also confirmed by 
a study in Portugal78. A significant finding was that the correlation coefficient between pairs of sites 
decayed significantly faster than was observed across Europe though a large degree of scatter in 
both the Texas and European data was noted. This is shown in Figure 7 with a best fit exponential 
decay curve fitted to the Texas data in red compared to the European data79 in green. Additionally, it 
was found, that by combining the power output of wind farm sites, the relative step changes in 
power seen at individual sites reducing substantially77. By adding more distant wind farms to the 
‘portfolio’ it was found that the maximum step change in power relative to the maximum power 
produced by the portfolio reached an asymptote of 15–30% for step changes of an hour or less. 
A further analysis looking at regional interconnection across the US80 showed that variability benefits 
diminish but there is a decrease in the likelihood of sudden step changes in aggregate wind power 
generation. A study of potential offshore wind power off the East Coast of the USA using data from 
11 coastal meteorological sites81 concluded that the combined output of offshore wind farms 
interconnected over a length of 2500km rarely reached low or full output and changed more slowly 
than for individual sites. Over a five-year period, the combined output was never zero. 
Variability has been shown to be more dependent on region size than number of wind farms, once 
the output of more than ~50 wind farms is aggregrated82. This allows the so-scaled ‘upscaling’ effect 
whereby the effect of increased capacity of wind power across a country can be accurately 
represented by scaling up the capacity of a number of wind farms provided they are spaced 
sufficiently.  
It has been argued that by scaling up the level of interconnection across Europe it would be possible 
to maintain a more stable and continuous supply of wind power. ERA-40 data were analysed over a 
period of 44 years across Europe to study how an interconnected network could maintain a target 
level of wind power generation across the continent83. This study found it is difficult to maintain 
even a modest target level for a long period. This is due to the large degree of spatial correlation and 
low autocorrelation as shown graphically in Figure 8. These plots show that the typical correlation 
length is between 400-600km and the autocorrelation time typically <2 days. Although 
interconnection could limit fluctuations in wind power across the continent, there are limitations 
and the effect of European-wide low wind speed events cannot be eliminated. 
Inter-annual variability of wind energy has significant implications for the cash flow of a wind farm 
operator. The year on year variation in wind speeds averaged over a number of sites relative to the 
long term mean can be evaluated using a so-called wind index. For the Nordic countries and the 
Baltic States84, it was shown the standard deviations of the wind indices over the period 1960-1981, 
normalised to the period 1990-2001, ranged from 8% to 12% depending on country and reanalysis 
dataset. For the UK29, the standard deviation of a wind index calculated over 51 years averaged over 
seven stations was found to be 4% based on surface observations; for a larger sample of 60 stations 
over a 25-year period, the standard deviation was found to be 5%. For meteorological stations in 
Scotland30 over a period of 43 years, the inter-annual change in hypothetical capacity factor was 
studied, where the capacity factor is defined as the average power output of a wind farm divided by 
its rated power output over the long term. It was found that the average volatility in wind power 
output for 10 sites, estimated as the difference between the capacity factor in one year compared to 
that from the previous year and then normalised by the current capacity factor, was found to be 
15%. 
Another possibility to reduce the effect of wind power variability is to combine it with other sources 
of renewable energy generation. The wind and wave power resource around the coast of Ireland 
was studied85 and it was found that west and south coasts of Ireland experience wave conditions 
which are generated by distant winds far out in the Atlantic which are little correlated to the wind 
conditions close to the coast. This provides a good opportunity for co-located wind and wave power 
generation whereby combined power output is smoothed. A similar conclusion was drawn for the 
Californian coast of the USA86, where aggregated power from a co-located wind and wave farms was 
found to achieve reductions in variability equivalent to aggregating power from two offshore wind 
farms approximately 500 km apart or two wave farms approximately 800 km apart. A study in 
Denmark looked at optimal combinations for wind, wave and photovoltaic (PV) power87 which noted 
that though the three generation sources were to some extent complementary, this was not a 
complete solution in terms of integrating variable renewable energy generation. 
 Figure 7: Correlations ( ) between pairs of wind farm sites in Texas compared with sites in Europe. Best fit 
exponential decay curves are shown for the two regions. The decay curves have the form 
     (          ⁄ ) where D is the characteristic decay distance (305km for Texas and 641km for 
Europe). Reprinted from Ref. 77 with permission from Elsevier. 
 
Figure 8: (a) Average correlation length and (b) autocorrelation time inferred from ERA-40 data over a 44 
year period. Reprinted from Ref. 83 under the Creative Commons Attribution 3.0 License. 
 
Conclusion 
Understanding and managing the variability of the wind will be increasingly important as a larger 
fraction of electricity is generated by wind farms. The use of the Weibull distribution in estimating 
expected energy yields is well-established and though there are some sites where it does not fit the 
observed wind distributions, hybrid bi-modal distributions have been shown to perform well. 
Observations of long term wind speeds seem to show that globally wind speeds are diminishing 
though this conclusion should be viewed with caution due to inhomogeneities in surface 
measurements. The conclusions to be drawn from model output such as reanalysis data are less 
clear, though there is evidence from these for declining wind speeds in some regions. Climate 
change predictions for changes in wind speed are even more uncertain and most studies in this area 
have concluded that any possible climate change related signals are smaller than the observed inter-
annual variability. Much research has been done to look at how dispersion of wind farms and 
increased interconnection could be used to manage variability. It has been concluded that this will 
help reduce variability, but that there are limits on how well this can help the integration of large 
amounts of wind power into electricity networks due to the relatively large spatial correlation of 
wind speeds. Combinations of different renewable generation technologies can play a role, but 
again, this is not the entire answer. 
Looking to the future, more work needs to be done to understand potential long term changes in 
global wind speeds including mean wind speeds and extremes. In particular, modelling uncertainties 
need to be reduced if there is to be more confidence in expected future wind speed changes. 
Modelling of the integration of wind power into networks will need to consider other options to 
reduce the variable impact of wind power including the role that can be played by combinations of 
different renewable generation technologies, demand side management, electric vehicles and 
energy storage along with smarter control of wind farms. 
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